These observations validate a novel approach to quantifying diffuse CAD using clinical arteriograms.
Background It can be difficult to estimate the degree of stenosis in patients with diffuse coronary artery disease ( ) CAD , because of the lack of a normal reference segment. If the size of normal coronary lumen has a direct relation to size of distal myocardial bed, it could be used to estimate the 'normal' cross-sectional area of coronary lumen. Accordingly, we could estimate the degree of stenosis of coronary arteries with diffuse disease by comparing them with calculated 'normal' areas of lumen.
Objective To assess the validity of the above hypothesis.
Method Fourteen subjects without coronary ( ) atherosclerosis group A and 16 patients with CAD ( ) group B underwent simultaneous bidirectional coronary arteriography. Using these coronary arteriograms, we determined the relationship between cross-sectional area of coronary lumen measured by using a computerized edge-detection system and summed distal branch length calculated by using our computerized three-dimensional reconstruction method.
Results
For group A, we found a close correlation ( ) between area of lumen and branch length r = 0.948 . However, for group B, there were some segments for which the measured area of lumen was clearly smaller than that expected from the relationship for group A. From this relationship for group A, we calculated the stenosis ratios of 22 segments and, to confirm their accuracy, we compared the stenotic ratios with those measured on intravascular ultrasound images. The stenotic ratio of each segment of stenotic coronary artery calculated by our method agreed significantly well with the results obtained from the ultrasound ( ) measurements r = 0.980 .
Introduction
Generally, the severity of coronary artery stenosis is measured by using the semiquantitative scale proposed Ž . by the American Heart Association AHA or by computerized quantification, for which a normal reference segment is needed. It can be difficult to estimate the significance of a given stenosis in patients with diffuse coronary artery disease because of the lack of a normal reference segment for comparison. Authors of several experimental reports have found direct relationships between size of coronary artery lumen and heart weight w x or size of the distal myocardial bed 1᎐4 and between myocardial mass distal to any point along a coronary artery and the sum of arterial branch lengths distal to w x that point in the coronary tree 5,6 . On the other hand, intravascular ultrasound measurement allows detailed, high-quality cross-sectional imaging of the coronary ar-Ž teries. The normal coronary artery wall intima, media . and adventitia , the major components of the athero-Ž sclerotic plaque lipid, fibrous connective tissue and . calcium and the changes that occur in dimensions and anatomy of coronary arteries that occur with the progression of atherosclerosis can be studied using intravas-Ž . cular ultrasound IVUS . In particular, the presence and composition of atherosclerosis at angiographically 'norw x mal' sites can be quantified 7᎐9 . Our aim in this study was to develop a method using clinical coronary angiography to answer two basic questions regarding humans: is there a systematic quantitative relationship of size of coronary artery lumen to size of distal vascular bed and myocardium in normal subjects; and is this relation altered for subjects with diffuse coronary artery disease, indicating that lumen size at any location within the artery is too small for size of distal bed? From that relationship for normal subjects, we also calculated the stenotic ratios of some segments. To confirm the accuracy of these calculations we compared the stenotic ratios with those measured on IVUS images.
Methods

Patient selection
Thirty patients were studied for diagnostic purposes with coronary angiography and left ventriculography.
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We obtained their informed consent to participate in our study from all patients before each session of angiography. These patients underwent coronary angiography for evaluation of abnormal electrocardiographic findings, such as ST-segment depression and Ž . Ž . negative T waves n s 5 , typical n s 6 and atypical Ž . Ž . Ž n s 13 chest pain, palpitation n s 2 , arrhythmia n s . 1 and hyperlipidaemia with a strong familial history of Ž . ischaemic heart disease n s 3 . The study population was classified into two subgroups. Group A consisted of w 14 subjects six men and eight women; aged 50 " 15 Ž . x years mean " SEM with no coronary atherosclerosis detectable by coronary angiography. Group B consisted Ž of 16 patients nine men and seven women; aged 58 " 12 . Ž years with coronary artery disease one or more segmental coronary artery stenoses greater than 25% and smaller than 75% according to the AHA's visual estima-. tion method . All their ventriculography data corresponded to normal contractility. No patient had a clini-Ž cal history of hypertension defined as systolic blood pressure ) 160 mmHg or diastolic blood pressure . ) 95 mmHg , prior myocardial infarction, any evidence of left ventricular hypertrophy detectable by ultrasound Ž cardiography defined as left ventricular wall thickness . ) 11 mm or diabetes mellitus. The clinical characteristics of the study subjects are listed in Table 1 . P values show that age, sex, blood pressure, heart rate and the prevalences of all other cardiac risk factors, of the two groups did not differ significantly.
Angiographic analysis
Simultaneous bidirectional coronary arteriography was carried out on a biplanar cine-angiography system Ž . POLYDORO 100; Siemens, Munchen, Germany . Wë Ž used a videotape recorder AG-7355, Panasonic, Tokyo, . Ž Japan and a computer workstation NEC 9821; NEC, . Tokyo, Japan; IMB-512SL8; Mitani, Tokyo, Japan for storage and processing of images. The cross-sectional area of lumen for each coronary segment was measured Ž using an edge᎐detection technique CARDIO500;
. KONTRON, Munchen, Germany .
Three-dimensional reconstruction and calibration of images
The processing technique of three-dimensional reconstruction of the coronary artery tree is based on the w x w x work of Parker et al. 10 and Wollschlaeger et al. 11 . First, one image frame of each view of the left coronary arteriogram was selected on the basis of the criteria good filling of the entire coronary artery vasculature with contrast medium and minimum overlapping of neighbouring vessels at end-diastole. Adequate images were recorded on videotape and then digitized through the computer workstation, which was interfaced to the videotape recorder. After a point on the left coronary artery in the first view had been entered into the Ž computer manually, the projection line the projected . path line of x-rays of that point from the first view was displayed on the second view using the transformation w x w x described by Potel et al. 12 and Kim et al. 13 . The operator visually confirmed the matching point at which the projection line crossed the coronary angiogram on the second view. By repeating this procedure, we could sum the distal branch lengths from each segment of the left coronary artery. The quantitative accuracy of this image-reconstruction method was validated by using phantom measurements, which differs from the isocenw x tre method described by Parker et al. 10 . We created an 8 cm cube that had lead markers at all corners for Ž . use as a phantom Fig. 1 . By entering each corner of the phantom into the computer in both views in the same positions as those in which angiography had been performed, we could correct for distortion and calibrate the recordings.
Acquisition of data
The cross-sectional area of lumen from the proximal point of each AHA segment of the left coronary artery was measured by an edge-detection technique. The criteria for selecting the locations within the coronary artery tree where values of lumen area were obtained were that lumen area had to be measured in vessel segments with good filling by the radiographic contrast medium; regions of superimposition of the coronary arteries were considered unsuitable for measurements of lumen area; and areas of overexposure to x-rays within the coronary arteriogram were avoided as sites of measurements of lumen area. Isosorbid dinitrate was administered prior to recording each coronary arteriogram. For all values of the cross-sectional area of lumen, the corresponding summed coronary artery branch lengths were measured by the method described above. From left ventricular angiograms, the total left
We created an 8 cm cube that had lead markers on all its corners for use as a phantom to correct for distortion and calibrate the recordings. By entering each corner of the phantom into the computer in both right ( ) ( ) A and left B anterior oblique views in the same positions as those for which angiography was performed, we could correct for distortion and calibrate the recordings.
Ž
. ventricular mass M for each patient was calculated tot w x by the method of Rackley et al. 14 . Regional left Ž . ventricular mass M distal to each point in the coronary artery tree where the coronary sectional lumen area was measured was calculated as
where L is the total length of left epicardial coronary tot artery, and L is the summed distal branch length from w x that point 5 . In cases in which a dominant right coronary artery supplied the inferior left ventricular wall, a correction factor of 0.7 was used for calculation w x of total myocardial mass 15 .
Validation of our three-dimensional reconstruction system
The validation of our system for measurements of lengths of coronary arteries consisted of determining, by Ž . quantitative coronary arteriography QCA with cine X-ray film, a series of lengths of different phantoms Ž . L
. The phantom was made of steel wires, posi- . Therapy Inc., Bochun, Germany incorporated a singleelement 25 MHz transducer and an angled mirror mounted on the tip of a flexible shaft, which was rotated at 1800 rpm within a 2.9F short monorail polyethylene imaging sheath to form planar cross-sectional images in real time; with this system the transducer was withdrawn automatically at 0.5 mmrs to perform the Ž imaging sequence. The second Hewlett Packard and . Boston Scientific Corporation, San Jose, California, USA incorporated a single-element 30 MHz bevelled transducer rotated at 1800 rpm within a 2.9F short monorail imaging catheter. With this system the catheter was advanced or withdrawn manually with fluoroscopic guidance to perform the imaging sequence. IVUS measurements were recorded on 1.3 cm high-resolution sVHS tape for off-line analysis.
With computer planimetry, the target lesions were assessed quantitatively using measurements of the cross-Ž 2 . sectional area cm of external elastic membrane at Ž 2 . lesion site; cross-sectional area cm of lumen at lesion Ž 2 . site; cross-sectional area of plaque plus media cm s cross-sectional area of external elastic membrane ᎐ Ž . cross-sectional area of lumen; and stenosis ratio % s Ž . cross-sectional area of plaque plus media = Ž . 100r cross-sectional area of external elastic membrane .
Statistical analysis
The data listed in Table 1 were expressed as means" SD. One-way analysis of variance was used to compare the groups. A Fisher protected least-significant-difference test was carried out if the analysis of variance revealed significant differences. For each individual patient, as well as for all data for all patients in each group lumped together, the cross-sectional areas of coronary artery lumen were correlated to either the distal summed coronary artery branch lengths or distal myocardial masses. The stenosis ratios obtained by our three-dimensional reconstruction method were correlated to those measured on IVUS images. Simple linear regression analysis was used to estimate correlations between continuous variables.
Results
Cross-sectional area of lumen versus length and regional myocardial mass for subjects without coronary atherosclerosis In Figure 2 we show the relationship between crosssectional area of lumen for left coronary artery and the corresponding distal summed branch lengths for group A. The area of coronary artery lumen at each point along the coronary artery tree correlated closely to the Ž . corresponding summed distal branch length r s 0.948 . Correlation between the area of coronary artery lumen and the regional myocardial mass exhibited the same Ž . trend r s 0.940 . The average of correlation coefficients relating cross-sectional area of lumen of left coronary artery and the corresponding distal summed branch Ž length for each patient was also acceptable r s . 0.962 " 0.024 .
Cross-sectional area of lumen versus length and regional myocardial mass for patients with coronary atherosclerosis
In Figure 3 
we show the relationships between crosssectional area of lumen and distal summed lengths for groups A and B. A comparison of the area-versus-length correlations for the 14 subjects with normal coronary
The area of coronary artery lumen correlated closely to the corresponding summed distal branch lengths for group A. y = 0.03 x + 1.38, r = 0.948. Tsuchiya et al. 131 The relationship between cross-sectional area of lumen and ( ) corresponding distal summed branch lengths for groups A`and B ( ) ⅷ showed that, in some cases in group B, there was a marked discrepancy between the area of coronary artery lumen and the summed size of its distal branches. Group A, y = 0.03 x + 1.38, r = 0.948; group B, y = 0.02 x + 2.17, r = 0.823.
Quantification of CAD using a three-dimensional method
Ž
. arteriograms group A and the 16 patients with coro-Ž . nary artery disease group B showed that, in some cases in group B, there was a marked discrepancy between the area of coronary artery lumen and the summed size of its distal branches. That made this regression line gentler and meant that r value for group B was smaller than that for group A.
Correlation between percentage areas of stenosis provided by our three-dimensional reconstruction method and IVUS measurements
In Table 2 we show the measured and calculated data for the patients who were subjected to IVUS studies. From that close correlation between lumen area and distal summed branch length for group A, we calculated the stenosis ratio as
where A is the theoretical cross-sectional area of theory lumen needed for distal branch length at each segment that is calculated from the equation y s 0.03 x q 1.38, and A is the cross-sectional area of lumen actually actual obtained.
In Figure 4 we show that the stenosis ratio of each segment of coronary artery stenosis calculated by using our computerized three-dimensional reconstruction method agreed significantly well with the results obtained from the IVUS measurements. Table 2 Measured and calculated data for the subjects subjected to intravascular ultrasound IVUS measurements The stenosis ratio of each segment of coronary artery stenosis calculated by using our computerized three-dimensional reconstruction ( ) method 3D agreed significantly well with the results obtained from ( ) the intravascular ultrasound measurements IVUS . y = 1.06 x + 2.14, r = 0.980.
( )
Discussion
Measurements of percentage stenoses using current techniques of quantitative coronary arteriography will not necessarily accurately assess the severity of segmental or diffuse coronary artery disease because the 'normal' reference segment might also be narrowed. Authors of several reports have found direct relationships between size of coronary artery lumen and heart w x weight or size of the distal myocardial bed 1᎐4 and between mass of myocardium distal to any point along a coronary artery and the sum of the arterial branch w x lengths distal to that point in the coronary tree 5,6 . w x Freiman et al. 5 demonstrated that the relationship between the summed branch lengths distal to each point in the left coronary artery in postmortem canine hearts and the total distal cumulative lengths of the left coronary artery is linear and directly proportional to the size of the myocardial bed distal to that point. If this relationship holds for humans, as authors of several reports have suggested, distal summed branch lengths or myocardial mass could be used to predict the 'normal' cross-sectional area of lumen coronary. We therefore developed a method that allows us to calculate the true size of normal arterial lumen for the dependent coronary vascular bed or regional myocardial mass using clinical coronary arteriograms with three-dimensional reconstruction. Our technique is based on work by w x w x Parker et al. 10 and Wollschlaeger et al. 11 . However, we used phantom measurements to correct for distortion and for calibration, an approach differing from the w x isocentre method described by Parker et al. 10 . Measurements made using our three-dimensional reconstruction system correlated very well to the actual known lengths of phantoms.
Using this method, we found that, for subjects without and patients with segmental coronary artery disease, the area of left coronary lumen observed at each point correlated closely to the summed arterial distal branch lengths and myocardial mass distal to each point. Furthermore, the area of coronary artery lumen in patients with coronary artery disease was clearly much smaller than the predicted normal size, which was based on the summed arterial distal branch lengths and mass of myocardium at designated points along the left coronary artery. The stenosis ratio calculated by using our threedimensional reconstruction method agrees significantly well with that obtained from the IVUS measurements, despite our having been able to perform IVUS measurements for a small number of the segments only. This means that our method is good enough for the estimation of the degree of diffuse coronary stenosis. We speculate that we would be able to quantify coronary remodelling and coronary ectasia by using the findings from both our method and the IVUS measurements. Namely, if the cross-sectional area of lumen were not small enough for distal summed branch lengths in spite of obvious intimal thickening in IVUS images, that would mean that coronary remodelling occurred as a compensatory change. If the cross-sectional area of lumen were larger than the appropriate area of lumen for distal summed branch lengths without any intimal thickening in IVUS images, that would mean coronary ectasia. We believe that these observations provide a reliable alternative approach to quantifying diffuse coronary artery disease using clinical arteriograms.
Limitations of the study
It is not likely that one could predict which stenosis will cause myocardial ischaemia solely from the relationship between area of coronary lumen and distal summed artery lengths or mass of myocardium. Use of a calculation that takes into consideration also other factors that influence the development of ischaemia, such as coronary flow and coronary functional flow reserve, would improve the accuracy of our method. In this study, patients who had histories of hypertension, had previously suffered myocardial infarction or in whom we found any evidence of left ventricular hypertrophy were excluded because myocardial asymmetry was possible, which might result in inaccurate calculations of mass of myocardium. It is well known that patients with hypertensive heart disease have insufficient coronary functional flow reserve. Both inadequate coronary flow reserve and a decrease in absolute area of coronary lumen may cause ischaemia in patients with hypertensive heart disease because of the imbalance between myocardial demand for and supply of oxygen created. If mass of myocardium could be evaluated correctly regardless of the presence of asymmetry, we might be able to predict the necessary area of coronary lumen for adequate perfusion of distal myocardial mass by our method. This might help to elucidate other mechanisms of ischaemia in patients with hypertensive heart disease who have angiographically 'normal' coronary arteries.
Despite the existence of curvature of coronary arteries, we were able to calculate lengths of coronary arteries fairly accurately by using the sum of the lengths of several separate short straight lines. The error of such measurements can be reduced by increasing the number of straight lines used to measure a curved coronary artery.
Our acquisition of data was performed using two computers, one for calculation of lengths of coronary arteries by our three-dimensional reconstruction method and one for scaling cross-sectional areas of coronary lumen by the edge-detection technique. Because we could not perform both measurements on a single computer, we were able to determine the relationships between lumen area and distal branch lengths or regional mass of myocardium only at clearly recognized points along the coronary artery, such as branch points. The develop-Ž . ment of simplified completely automated, if possible software for analysing an entire artery along its length on an arteriogram will require further work.
